We study the phenomenology of the light and heavy Higgs boson production and decay in the 
I. INTRODUCTION
The U(1) B−L model [1] [2] [3] [4] [5] is one of the simplest extensions of the Standard Model (SM) with an extra U(1) local gauge symmetry [6] , where B and L represent the baryon number and lepton number, respectively. This B-L symmetry plays an important role in various physics scenarios beyond the SM: a) The gauge U(1) B−L symmetry group is contained in the Grand Unification Theory (GUT) described by a SO(10) group [1] . b) The scale of the B-L symmetry breaking is related to the mass scale of the heavy right-handed Majorana neutrino mass terms and provide the well-known see-saw mechanism [7] [8] [9] [10] [11] to explain light left-handed neutrino mass. c) The B-L symmetry and the scale of its breaking are tightly connected to the baryogenesis mechanism through leptogenesis [12] . In addition, the model also contains an extra gauge boson Z ′ corresponding to B-L gauge symmetry and an extra SM singlet scalar (heavy Higgs boson H). This may change the SM phenomenology significantly and lead to interesting signatures at the current and future colliders such as the Large Hadron
Collider (LHC) [13, 14] , International Linear Collider (ILC) [15] [16] [17] [18] [19] [20] 
and the Compact Linear
Collider (CLIC) [21] [22] [23] . Therefore, another Higgs factory besides the LHC, such as the ILC and CLIC, which can study in detail and precisely determine the properties of the Higgs bosons h and H, is another important future step in high-energy and high-luminosity physics exploration.
The B-L model [24, 25] is attractive due to its relatively simple theoretical structure. The crucial test of the model is the detection of the new heavy neutral (Z ′ ) gauge boson and the new Higgs boson (H). The analysis of precision electroweak measurements indicates that the new Z ′ gauge boson should be heavier than about 1.2 T eV [26] . On the other hand, searches for both the heavy gauge boson (Z ′ ) and the additional heavy neutral Higgs boson (H) predicted by the B-L model are presently being conducted at the LHC. In this regard, the additional boson Z ′ of the B-L model has a mass which is given by the relation
luminosity run at LHC (HL-LHC) through multiple production processes: gluon fusion, weak boson fusion, associated W H/ZH productions and the associated ttH production mode, with subsequent decay in heavy particles. The dominant decay modes are W W , hh and ZZ, respectively. In addition, the heavy Higgs H can also be produced in association with a Z ′ [4, 5] . The discovery prospects of the heavy neutral scalar H during the runs at HL-LHC are extensively studied in Refs. [4, 5, [36] [37] [38] . It is noteworthy that future LHC runs at 13-14 T eV could increase the Z ′ mass bounds to higher values, or evidence may be found of its existence. Precision studies of the Z ′ properties will require a new linear collider [39] , which will allow us to perform precision studies of the Higgs sector. We refer the readers to Refs. [4, 5, 24, 25, [40] [41] [42] [43] [44] [45] for a detailed description of the B-L model.
The Higgs-strahlung process e + e − → Zh [46] [47] [48] [49] [50] is one of the main production mechanisms of the Higgs boson in the future linear e + e − colliders such as the ILC and CLIC.
Therefore, after the discovery of the Higgs boson, detailed experimental and theoretical studies are necessary for checking its properties and dynamics [51] [52] [53] [54] . It is possible to search for the Higgs boson in the framework of the B-L model; however, the existence of a new gauge boson could also provide new Higgs particle production mechanisms that could prove its non-standard origin.
In this paper we study the phenomenology of Higgs bosons in the Type I see-saw model [7] [8] [9] [10] [11] of neutrino mass generation in presence of a spontaneously broken U(1) B−L symmetry at future electron-positron linear colliders such as the ILC and the CLIC. We consider both physical Higgs states emerging in the model, one of which is SM-like (h) while the other (H)
is of B-L origin, both compliant with recent LHC data. We examine a variety of h, H decay channels while we concentrate on the e + e − → Zh and ZH production modes, including the possibility of Z ′ mediation, which could be resonant, as we allow for Z/Z ′ mixing (in presence of relevant experimental constraints from LEP).
It is worth mentioning that in Ref. [40] , the authors made a very exhaustive study of Higgs probably the most decisive test of the EWSB mechanism. Detailed discussions on these processes and some new physics models can be found in Refs. [18, 19, 22, 55, 56] .
Although we do not consider the background of the processes that we study, it is worth mentioning that the most important background of the processes studied in our [7, 58] is an elegant and simple extension of the SM in which the RH heavy neutrinos are essential both for anomaly cancelation and preserving gauge invariance. In addition, the mass of RH neutrinos arises associated with the U(1) B−L gauge symmetry breaking. Therefore, the fact that neutrinos are massive indicates that the SM requires extension.
We consider a SU(3) 
where The model consists of one doublet Φ and one singlet χ and we briefly describe the la-grangian including the scalar, fermion and gauge sector, respectively. The Lagrangian for the gauge sector is given by [4, 44, 59, 60] ,
where W The Lagrangian for the scalar sector of the model is
where the potential term is [42] ,
with Φ and χ as the complex scalar Higgs doublet and singlet fields, respectively. The covariant derivative is given by [40] [41] [42] 
where g s , g, g 1 and g An effective coupling and effective charge such as g ′ and Y ′ are usually introduced as
and some specific benchmark models [61, 62] can be recovered by particular choices of bothg and g The doublet and singlet scalars are
with G ± , G Z and z ′ the Goldstone bosons of W ± , Z and Z ′ , respectively, while v ≈ 246 GeV is the electroweak symmetry breaking scale and v ′ is the B-L symmetry breaking scale constrained by the electroweak precision measurement data whose value is assumed to be of the order T eV .
After spontaneous symmetry breaking, the two scalar fields can be written as,
with v and v ′ real and positive. Minimization of Eq. (4) gives
To compute the scalar masses, we must expand the potential in Eq. (4) around the minima in Eq. (7). Using the minimization conditions, we have the following scalar mass matrix:
The expressions for the scalar mass eigenvalues (M H > M h ) are
and the mass eigenstates are linear combinations of φ 0 and φ ′ 0 , and written as,
where h is the SM-like Higgs boson, H is an extra Higgs boson and the scalar mixing angle
) can be expressed as
while coupling constants λ 1 , λ 2 and λ 3 are determined using Eqs. (10)- (12):
If the LHC data [63, 64] are interpreted by identifying h with the recently observed Higgs boson, then the scalar mixing angle α should satisfy the constraint sin 2 α < ∼ 0.33(0.36) for M H = 200(300) GeV as discussed in [65] [66] [67] .
In Table I , the interactions of h and H with the fermions, gauge bosons, scalar and scalar self-interactions are expressed in terms of the parameters of the B-L model.
To determine the mass spectrum of the gauge bosons, we have to expand the scalar kinetic terms as with the SM. We expect that there exists a massless gauge boson, the photon, while the other gauge bosons become massive. The extension we are studying is in the Abelian sector of the SM gauge group, so that the charged gauge bosons W ± will have masses given by their SM expressions related to the SU(2) L factor only. The other gauge boson masses are not so simple to identify because of mixing. In fact, analogous to the SM, 
with
and the mass spectrum of the gauge bosons is given by
where M Z and M W ± are the SM gauge bosons masses and M Z ′ is the mass of new neutral gauge boson Z ′ , which strongly depends on v ′ and g In the Lagrangian of the 
From this Lagrangian we determine the expressions for the new couplings of the Z, Z ′ bosons with the SM fermions, which are given in Table II 
.
III. THE DECAY WIDTHS OF THE Z ′ BOSON IN THE B-L MODEL
In this section we present the decay widths of the Z ′ boson [26, 69, [73] [74] [75] 
In the BL model, the heavy gauge boson mass M Z ′ satisfies the relation , 24, 25, 40, 41] , and considering the most recent limit from [62, 76, 77] , it is possible to obtain a direct bound on the B-L breaking scale v ′ . In our next numerical calculation, we will take v ′ = 3.45 T eV , while α = 
where ǫ 
where
the usual two-particle phase space function.
The expression given in Eq. (27) (26) is reduced to the expression given in Refs. [46, 50] for the standard model.
V. THE DECAY WIDTHS OF THE H HIGGS BOSON IN THE B-L MODEL
In this section we present the decay widths of the H Higgs boson [4, 5, 79] in the context of the B-L model which we need to study the process e + e − → ZH. The decay width of the H boson to fermions is given by
where N f is the color factor, 1 for leptons and 3 for quarks.
The H partial decay widths involving vector bosons, heavy neutrinos and the scalar boson are
where the coupling g 2 hhH is given in Table I .
VI. THE HIGGS-STRAHLUNG PROCESS e + e − → ZH IN THE B-L MODEL
In this section, we calculate the Higgs production cross section via the process e + e − → ZH in the context of the U() B−L model at future high-energy and high-luminosity linear electron-positron colliders such as the ILC and CLIC.
The Feynman diagrams contributing to the process e + e − → (Z, Z ′ ) → ZH are shown in Fig. 1 . The respective transition amplitudes are thus given by
Following a similar procedure as that of Section IV, we show our results for the total cross section of the Higgs-strahlung process for the different contributions which can be written in the following compact form:
The expression given in Eq. (39) corresponds to the cross section with the exchange of the Z boson, while the expressions given in Eqs. (40) and (41) come from the contributions of the B-L model and of the interference, respectively. In the decoupling limit when θ BL = 0, g ′ 1 = 0 and α = 0, the total cross section of the reaction e + e − → ZH is zero.
VII. RESULTS AND CONCLUSIONS

A. Higgs boson production and decay h in the B-L model
In this section we evaluate the total cross section of the Higgs-strahlung process e 
it is possible to obtain a direct bound on the B-L breaking scale v ′ and take v ′ = 3.45 T eV and α = π 9
. In our numerical analysis, we obtain the total cross section
Thus, in our numerical computation, we will assume √ s, are given in Fig. 4 for different channels: 29)). Finally, the dot line corresponds to the total cross section of the process e + e − → Zh (Eq. (26)). In Figure 5 , we can see that the cross section Fig. 3 . An important quantity is the statistical significance,
where δσ Zh is the statistical uncertainty, and L the integrated luminosity. It determines the deviation of the cross section from the SM prediction, in terms of standard deviations. In Table III for the total number of events Zh are determined while preserving the relationship between M Z ′ and g ′ 1 given in Eq. (43) . We find that the possibility of observing the process e + e − → (Z, Z ′ ) → Zh is very promising as shown in Table III , and it would be possible to perform precision measurements for both the Z ′ and
Higgs boson in the future high-energy and high-luminosity linear e + e − colliders experiments.
We observe in Table III that the cross section rises once the threshold for Zh production is reached, with the energy, until the Z ′ is produced resonantly at √ s = 1000, 2000 and 3000
GeV , respectively, for the three cases. Afterwards it decreases with rising energy due to the Z and Z ′ propagators. Another promising production mode for studying the Z ′ boson and
Higgs boson properties of the B-L model is e + e − → (Z, Z ′ ) → ZH, which is studied in the next subsection.
B. Heavy Higgs boson production and decay H in the B-L model
As in the previous subsection, in this study we use the Higgs-strahlung process e The W − W + pairs clearly dominate the H decays.
The total cross section for the Higgs-strahlung production processes e + e − → ZH as a function of the collision energy for M h = 125 GeV , M H = 800 GeV , M ν R = 300 GeV ,
GeV is shown in Fig. 13 . In this figure the curves are for σ Z (e + e − → ZH) (Eq. (39)) (solid line), σ Z ′ (e + e − → ZH) (Eq. (40)) (dashed line), (41)) (dot-dashed line), and the dot dot-dashed line corresponds to the total cross section of the process σ T ot (e + e → ZH) (Eq. (38)), respectively.
To see the effects of θ BL , g Table IV , for several center-of-mass energies Table IV for the total number of events ZH are determined while preserving the relationship between M Z ′ and g ′ 1 given by Eq. (43) . We find that the possibility of observing the process e + e − → (Z, Z ′ ) → ZH is very promising as shown in Table IV , and it would be possible to perform precision measurements for both the Z ′ and Higgs boson in the future high-energy linear e + e − colliders experiments. We observed in Table IV that the cross section rises once the threshold for ZH production is reached, with the energy, until the Z ′ is produced resonantly at √ s = 1000, 2000 and 3000
GeV , respectively, for the three cases. Afterwards it decreases with rising energy due to the Z and Z ′ propagators.
In conclusion, in this article we have studied the phenomenology of the light and heavy (26) is reduced to the expression given in Refs. [46, 50] for the SM. Our study complements other studies on the B-L model and on the Higgs-strahlung processes e + e − → (Z, Z ′ ) → Zh and e + e − → (Z, Z ′ ) → ZH. 
